This study investigated whether a period of low frequency rTMS preconditioned by tDCS over the primary motor cortex modulates control of grip force in Parkinson's disease. The presented results are from the same patient cohort tested in an earlier study (Gruner et al. J Neural Transm 2010: 117: 207-216). 15 patients with Parkinson's disease (mean age: 69 ±8 years; average disease duration: 5 ±3 years) on dopaminergic drugs performed a grasp-lift task with either hand before (baseline) and after a period of 1Hz rTMS (90% of the resting motor threshold; 900 pulses) preconditioned by sham, anodal or cathodal tDCS (1mA, 10 min) over the primary motor cortex. We found that compared with baseline, none of the grip force parameters was significantly influenced by either stimulation session and concluded that grasping is a higher order motor skill, which cannot be modulated by tDCS preconditioned 1Hz rTMS in PD.
The cardinal symptoms of Parkinson's disease (PD), tremor, bradykinesia and rigidity, cause an impaired control of fine motor skills such as grasping and lifting an object, and thus impact on daily life motor activities. In particular, PD has been shown to cause a reduction of peak rates of grip force development and excessive peak grip forces when grasping, lifting and holding an object (Fellows and Noth 2004) . These changes in grip force control in subjects with PD have been extensively studied (Fellows and Noth 2004, Nowak and Hermsdorfer 2002) and appear to be related to deficient integration of somatosensory input within the central output programs of motor action (Nowak and Hermsdorfer 2002) .
Repetitive transcranial magnetic stimulation (rTMS) or transcranial direct current stimulation (tDCS) can be used to induce transient changes of excitability of the primary motor cortex (M1) and the cortico-spinal motor output (Siebner et al. 2004 ). The plastic changes on motor cortex excitability have been related to lasting changes in the efficiency and number of synaptic connections within the neural motor circuits (Rothwell 2007) . The cortical excitability can be influenced both through rTMS and tDCS. rTMS-effects are dependent of the frequency of stimulation (high frequency ≥ 3Hz facilitation, low frequency ≤ 1Hz inhibition of cortico-spinal excitability (Siebner and Rothwell, 2003) ) and outlast the time of stimulation for several minutes (Rothwell, 2007) . Dependent of the direction of the current flow tDCS induces a shift in cortico-spinal excitability (Nitsche and Paulus 2000) . Siebner and colleagues demonstrated in healthy humans that preconditioning with tDCS over M1 modulates the direction of plasticity induced by subsequent administration of 1Hz rTMS (Siebner et al. 2004) . A session of 15 min 1Hz inhibitory rTMS applied over M1 immediately after 10 min of preconditioning with tDCS causes an increase in cortical excitability when inhibitory cathodal tDCS and a decrease when excitatory anodal tDCS was applied. Thus, the cortical excitability can be modulated within a physiologically useful range through homeostatic plasticity effects in M1, which are induced after preconditiong tDCS. Preconditioning of M1 with tDCS systematically shifts cortical excitability from baseline (Rothwell 2007) and may interfere with the disease-inherent changes of cortical excitability in PD.
A meta-analysis of Elahi and coworkers has shown that 1Hz rTMS alone is of limited significance to either modulate the M1 excitability in PD or to improve upper limb bradykinesia in PD as assessed with the Unified Parkinson's Rating Scale (Elahi and Chen 2009 ). However, preconditioning 1Hz rTMS over M1 by tDCS may enhance the effectiveness to change cortical excitability in PD. In healthy subjects 1Hz rTMS decreases M1 excitability (Chen et al. 1997) , while in PD data on the effects of 1Hz rTMS on motor cortex excitability are scarce. In patients with PD inhibitory mechanisms within the motor cortex have been found to be impaired as probed by TMS. In particular, the silent period is shortened and short-latency intracortical inhibition is reduced in PD (Priori et al. 1994 , Nakashima et al. 1995 , Strafella et al. 2000 . Interestingly, patients with PD show greater motor evoked potentials evoked from the resting hand muscle and smaller motor evoked potentials evoked from the voluntary activated hand muscle compared with healthy controls (Valls-Sole et al. 1994) . Low-frequency rTMS over M1 can enhance the inhibitory cortical plasticity in PD (Lefaucheur et al. 2004 , Filipovic et al. 2010 . In particular, 1Hz rTMS over M1 increases the silent period in PD (Filipovic et al. 2010) .
The preconditioning of inhibitory 1 Hz rTMS by facilitatory anodal tDCS could abet the rTMS-effects and thus sustain cortico-spinal excitability, which may impact on motor behavior. Indeed, we observed in an earlier study (in the same patient cohort under discussion here) that 1Hz rTMS preconditioned by sham or anodal tDCS improves bradykinesia of simple finger, hand and pointing movements in PD on dopaminergic drugs (Gruner et al. 2010 ).
Here we investigated whether a period of 1Hz rTMS preconditioned by tDCS improves grip force control when lifting an object in PD. Patients with PD performed a grasp-lift task with either hand (i) sham, (ii) anodal or (iii) cathodal tDCS over the M1 contralateral to the more affected body side on dopaminergic drugs. Based on our earlier data we hypothesized that facilitatory preconditioning with anodal tDCS, but not inhibitory preconditioning with cathodal tDCS, may enhance the potential benefits of inhibitory 1Hz rTMS on grasping with the contralateral hand for several minutes after the stimulation period. In particular, we expected that the excessive grip forces usually observed in PD subjects (Fellows and Noth 2004, Nowak and Hermsdorfer 2002) improved after brain stimulation.
Material and Methods
15 patients with Parkinson's disease (mean age: 69 ±8 years; average disease duration: 5 ± 3 years) performed a grasping task of a cylindrical and cordless instrumented object (350 g) between the tips of the thumb and index finger. The instrumented object recorded grip forces (0-80 N, accuracy of ± 0.1 N) and linear accelerations (± 50 m/s 2 , accuracy of ± 0.2 m/s 2 ) in three dimensions. The contact surfaces were sandpaper at a medium grain (No. 240) for all trials performed. The setup of the device and details of data processing and analysis have been described in detail elsewhere (Nowak and Hermsdorfer 2002) . Before each experiment, one experimenter demonstrated correct task performance and a training session was given to exclude adaptation effects. Patients grasped the object, lifted it to a height of 5cm (indicated by a marker), held it for 5 s and then replaced and released it. The grip-lift task was performed ten times with either hand. The task was performed before (baseline conditions) and immediately (0 min) as well as 25 min after a period of 1Hz rTMS (90% of the resting motor threshold; 900 pulses with a 70mm figure-of-eight coil and a Magstim Rapid stimulator, Magstim Company, Dyfed, UK) preconditioned by (i) sham, (ii) anodal or (iii) cathodal tDCS (1mA, 10 min, wet sponge electrodes sized 7 × 5 cm; battery-driven DC stimulator NeuroConn, Ilmenau, Germany) over the M1 contralateral to the more affected body side on three separate occasions one week apart. All subjects were on medication, the sessions were done approximately at the same time of the day and at the similar time-interval after the last dose of the medication. For all details of the setup see also earlier published data of the same cohort and the same session (Gruner et al. 2010) .
The following parameters were assessed for grip-lift movements performed at baseline, 0 min and 25 min after each stimulation session: (1) peak grip force, (2) peak rate of grip force increase, (3) peak lift force and (4) the ratio of peak grip force versus peak lift force. Peak lift force was calculated from the product of the object's mass and the vectorial summation of accelerations in three dimensions including gravity. Clinical details regarding the patient cohort are given in Table 1 . Informed consent was obtained before testing and all procedures had been approved by the local Ethics Committee. After verification of normal distribution and homogeneity of variance, repeated-measures ANOVAs were calculated for each grasping parameter with the factors "session", "time" and "hand".
Results
All subjects performed the grip-lift task according to the instructions and tolerated the stimulation session well and without side-effects. Figure 1 summarizes the average values of each parameter assessed for data analysis before and 0/25 min after each stimulation session. None of the grasping parameters was significantly influenced by the factors "session", "time" or "hand". This means that performance of the grip-lift task was not changed by either stimulation session immediately and 25 min after the stimulation has ceased. For details of the statistical analysis see Table 2 . Abbreviations: m = male, f = female; r = right, l = left; UPDRS = Unified Parkinson's Disease Rating Scale motor subscore (items 18-31, maximum: 108 points) rated on dopaminergic medication (Fahn and Elton, 1987); Hoehn and Yahr stage (1967) ; Mini Mental status according to Folstein et al., (1975) ; LEDD = levodopa equivalent dose: 100 mg standard levodopa is equivalent to 125 mg sustained-release levodopa, 1.5 mg pramipexole, 6 mg ropinirole, 10 mg bromocriptine and 1 mg pergolide. 
Discussion
Here we show that low frequency (1Hz) rTMS preconditioned by tDCS over the M1 contralateral to the more affected body side in patients with PD on dopaminergic drugs has no relevant effect, either beneficial or detrimental, on grip force control in the grip-lift task. These data suggest that sensorimotor performance in context of object manipulation cannot be modulated by tDCS preconditioned 1Hz rTMS over M1 in PD. In contrast, we recently showed in the same study cohort that 1Hz rTMS preconditioned by sham or anodal tDCS influences the kinematics of simple finger, hand and pointing movements in PD on dopaminergic drugs (Gruner et al. 2010 ). 1Hz rTMS preconditioned by sham or anodal tDCS has been shown to be superior to 1Hz rTMS preconditioned by cathodal tDCS to improve bradykinesia of simple finger, hand and pointing movements at the hand contralateral to the stimulated M1 for at least 30 min in PD (Gruner et al. 2010) . However, the effects on the UPDRS motor score were less convincing. More complex grip-lift movements, under discussion here, require the precise adjustment of grip force to the lift force (Fellows and Noth 2004, Nitsche and Paulus 2000) . The scaling of grip force depends on both the physical object properties and the loads induced by the lifting movement. A proper integration of somatosensory information related to these external loads is essential to process the motor output for grip forces. The scaling of grip force in anticipation of the external loads during object manipulation are thought to be related to internal models, which are established and updated by manipulative experience (Okabe et al. 2003) . In PD sensorimotor integration is supposed to be restrained due to the deficit in the striato-cortical pathways (Fellows and Noth 2004, Nowak and Hermsdorfer 2002) . PD patients usually generate excessive grip forces (force overflow) in relation to the loads induced by an object lift, whereas the timing of the grip force profile with the load profile usually remains unaffected by the disease (Fellows and Noth 2004, Nowak and Hermsdorfer 2002) . We expected the kinetic grip force parameters to be influenced by our stimulation protocol based on our earlier study showing beneficial effects of exactly the same stimulation protocol of finger, hand and arm kinematics. It appears as if 1Hz rTMS over M1 impacts on movement kinematics, but not kinetics, of the contralateral upper limb in PD.
The lack of an effect of cortical stimulation on grip force in PD patients may have been due to different subject-dependent responses of cortical inhibitory plasticity. As can be derived from the standard deviations of each grip force parameter assessed there was also essential variability of the behavioral measures within our study cohort. Another possible limitation of the study is the average age within our patient cohort: Older age may have tainted both the efficacy of M1 stimulation (e.g., due to cortical atrophy) and/or the behavioral effect of brain stimulation due to age-related changes in brain plasticity. As parkinsonian patients tend to be of older age this problem is hardly avoidable, but makes a healthy age-matched control sample necessary. This should be addressed in future research.
The effectiveness of rTMS, in particular low frequency rTMS, to change bradykinesia of the arm and hand in PD is quite variable (Okabe et al. 2003) . Quantitative improvement of motor performance, as assessed by the motor subscore of the Unified Parkinson's Disease Rating scale (UPDRS) (Okabe et al. 2003) , varied between 0-20% after a single session of low frequency (0.5 and 1Hz) rTMS applied over M1 (Lefaucheur et al. 2004) . Repeated sessions of low frequency (0.2 and 1Hz) rTMS delivered over 10 days (once or twice a day) or 8 weeks (once a week) improved motor performance, as assessed by the motor subscore of the UPDRS, by 15-48% (Lefaucheur et al. 2004 ). The UPDRS motor score, however, does not rate manual dexterity, such as grasping, as important information on daily life activities. Movement analysis is an efficient method to assess the effects of brain stimulation techniques on the kinematics and kinetics of both simple finger and hand movements (Okabe et al. 2003 ) and more complex grip-lift movements under investigation here. The fact that 1Hz rTMS preconditioned by tDCS improves simple finger and hand tapping movements (Okabe et al. 2003) , but not grip force control, suggests that this brain stimulation protocol develops differential effects of movement kinetics and kinematics in manual motor tasks relevant for daily life.
Conclusion
Higher motor skills, such as grip-lift movements, well reflect the functional complexity of the human motor cortex. In this study we could not show that1Hz rTMS preconditioned by tDCS changes kinetic parameters of grip-lift movements in PD patients. These data imply that manual tasks most crucial for daily life activities, but impaired in PD, are not influenced by this particular protocol of noninvasive brain stimulation.
